Abstract Patellofemoral pain is a frequent and often challenging clinical problem. It affects females more than males and includes many different pathologic entities that result in pain in the anterior aspect of the knee. Diagnosis of the specific cause of pain can be difficult and requires assessment of lower extremity strength, alignment, and range of motion, as well as specific patella alignment, tracking, and mobility. The treatment for patellofemoral pain is usually conservative with anti-inflammatory medications, activity modification, and a specific physical therapy program focusing on strengthening and flexibility. Infrequently, surgical treatment may be indicated after a non-operative program fails. The outcomes of surgical management may include debridement, lateral release, and realignment of the extensor mechanism to unload the patellofemoral articulation are favorable.
Introduction
The diagnosis and treatment of patellofemoral pain is a challenging but common clinical problem. Several terms, including "anterior knee pain" and "patellofemoral pain syndrome," are used to describe the group of related pathologic entities resulting in pain in the anterior aspect of the knee. It is a term commonly used for knee pain that cannot be attributed to a specific anatomic pathology. Often the radiologic studies are fairly inconclusive. Recently, improved magnetic resonance imaging (MRI) of cartilage has significantly increased the ability to detect early changes in articular cartilage that may explain pain in some patients.
The prevalence of anterior knee pain is higher in females and ranges between 13 % and 27 % [1, 2] . Foss [1] evaluated adolescent females during pre-participation basketball screening and found that anterior knee pain was present in 26.6 % of athletes, with patellofemoral dysfunction the most common diagnosis with an overall prevalence of 7.3 % [1] . While Hughston focused attention on extensor mechanism malalignment as the predominant source of anterior knee pain [3] , other common causes of anterior knee pain include quadriceps and patellar tendonitis, Osgood-Schlatter disease, multipartite patella, synovial and fat pad impingement, plica syndrome, patellar instability, loose bodies, and articular cartilage defects or degeneration known as chondromalacia patella [1, 4, 5] . A full clinical evaluation including history and physical examination supplemented by imaging studies is essential to define the specific pathology in each patient.
Clinical evaluation

History
The patient's description of pain is a critical component in identification of the etiology. Important details to elucidate are association with injury or activity at onset, location, quality, aggravating activities such as stairs, prolonged sitting, wearing high heels, or playing sports, and alleviating factors. Sometimes the patient will be able to point to a specific location of the pain, but often times the pain cannot be isolated as easily. A pain diagram can be useful to localize the symptoms and focus the physical examination [6] . Prior history of any specific trauma is essential, even if remote. A history of instability is particularly important. One should inquire as to when and with what motions of the knee the pain occurs; a positive "theater sign" or pain beginning after prolonged knee flexion and pain with stairs may indicate patellofemoral pathology. Full evaluation of the problem includes assessment of duration of pain, associated symptoms such as swelling and erythema, and disability caused by the pain. A complete medical and prior surgical history is essential in addition to a complete musculoskeletal history.
Physical examination
The examination begins with observation. Lower extremity alignment is assessed with the patient standing to determine coronal alignment. In this position a rough measurement of the Q-angle can also be made. The Q-angle, or quadriceps angle, is the angle formed between the patellar tendon and the resultant line of force of the quadriceps muscle [7] . The described Q-angle is difficult to measure clinically, so a surrogate is used from the anterior superior iliac spine to the center of the patella and from the center of the patella to the tibial tubercle. A normal Q-angle is approximately 15°. The patient's gait should be assessed with respect to patella tracking, position (such as excessive patella lateralization), and femoral rotation that can identify increased femoral anteversion. In addition, gait patterns with and without orthotics are useful to determine whether they improve patellar tracking. Skin abnormalities, muscle atrophy, or other signs of asymmetry should be noted as well.
Examination of the entire lower extremity is essential. Pes planus is an important clinical finding in patients with anterior knee pain as it can lead to a functional increase in knee valgus alignment. Kosashvili [8] reported on the association of pes planus and anterior knee pain in military recruits. The prevalence of anterior knee pain was significantly different in those with and without pes planus; 4 % in control and mild pes planus groups and 7 % in moderate and severe pes planus groups. If the pes planus is flexible, it can be corrected with arch supports that may improve the functional knee alignment and alleviate symptoms.
Assessment of hip range of motion, symmetry, and strength is informative. Excessive internal rotation and lack of external rotation may indicate an increased femoral anteversion, which changes gait and also increases the forces on the patella during activity. Staheli [9] established rotational profiles in adolescents and adults and noted that normal internal rotation was between 40°and 50°and normal external rotation was 45°. Lee [10] showed in a cadaveric study that a 20°inward rotational deformity of the femur resulted in a slight increase in lateral patellofemoral contact pressure but a marked increase in patellofemoral contact pressure was seen with both 30°and 60°rotational deformity. Eckhoff [11] also reported that adult anterior knee pain was associated with increased femoral anteversion. In addition to rotational deformities of the femur, it is important to assess rotational deformities of the tibia. Turner [12] evaluated rotational profiles in patients with and without anterior knee pain and noted that those with patellofemoral pain and instability had increased external tibial torsion to 24.5°compared with 19°in normals. The combination of excessive femoral anteversion, genu valgus, and external tibial torsion results in an increased Q-angle and is known as the torsional malalignment or 'miserable malalignment syndrome' and can be a cause of anterior knee pain. Referred knee pain from abnormalities in the back or hip should be excluded by specific maneuvers as indicated.
Complete examination of the knee begins with range of motion. Quadriceps and extensor mechanism tightness are determined with the patient prone. Full range of motion should allow the heel to be brought near the buttocks, but comparison should be made with the contralateral asymptomatic extremity with a focus on symmetry. With the patient in a supine and relaxed position, the range of motion should again be assessed with special attention to patella tracking during flexion and extension. When the patella tracks lateral during terminal knee extension this is referred to as a "J sign" and is indicative of patellar malalignment. The Q-angle can be measured in full extension, slight flexion, and at 90°of flexion.
Tenderness to palpation of specific anatomic structures can be performed. Palpation of the medial and lateral joint lines, quadriceps insertion, patellar tendon insertion on the patella, and the tibial tubercle, pes anserinus, iliotibial band and insertion, and fat pat are essential. Absence or presence of tenderness in these locations can rule out or rule in diagnoses such as tendinopathy, fat pad impingement, plica syndrome, and Osgood-Schlatter disease. In addition, medial and lateral patellar facet tenderness and medial and lateral trochlea tenderness should be evaluated. Free nerve endings are found in the patellar tendon, retinacular tissues, pes anserinus, synovial tissues, and the fat pad [13] , Dye [14] performed knee arthroscopy without anesthesia and found that the most highly sensitive structures were the fat pad and synovial tissues whereas the articular surfaces, menisci, and ligaments were much less sensitive. In patients with anterior knee pain, the fat pad and medial retinaculum have a higher concentration of pain receptors than in controls [15] . Articular cartilage is not innervated, but subchondral bone is richly innervated and can be painful when palpated.
Patella motions should be evaluated with respect to medial and lateral translation, tilt or axial plane rotation, spin or coronal plane rotation, and sagittal plane flexion [16] . Patellar translation is assessed with the patient supine and relaxed. The best way to define translation is by dividing the patellar width into 4 quadrants and assessing mobility with regard to how many quadrants of motion are present. Medial mobility may be decreased (less than 1 quadrant) with tight lateral retinacular structures whereas hypermobility may be diagnosed with greater than 3 quadrants of mobility in either direction. The medial and lateral translation test should be repeated with the knee flexed to 30°to confirm that the patella does engage in the trochlear groove and stabilize. In extension an effusion can be assessed as can a painful patellar grind test to determine patellofemoral crepitus and arthritis. Patellar axial rotation is evaluated passively by tilting the patella laterally and assessing whether or not the patella can be passively mobilized to neutral. An assessment of patellar instability should be performed. An unstable patella can co-exist with patellofemoral pain but the 2 diagnoses are generally distinct. Evaluations of patellar instability include an apprehension test as well as the moving apprehension test [17] .
The remainder of a typical knee examination should be performed including a standard assessment of the anterior cruciate and posterior cruciate ligaments, medial, and lateral collateral ligaments, meniscus, posterolateral corner, and lower extremity strength. Functional tests to perform include the single-limb hop test, toe and heel walking, single-limb squat, and deep knee bend. Of particular interest is the single-limb squat test, which evaluates the hip abductor and short external rotator muscle strength. When these muscles are not strong, the knee tends to collapse into a valgus alignment, there is often poor motion control, and the patient will experience pain.
Imaging
Radiographic evaluation begins with standard plain knee radiographs. A weight-bearing anteroposterior (AP) view, a lateral view with the knee in 30°flexion, and at least 1 axial view should be obtained. A Rosenberg view is a weightbearing posteroanterior (PA) projection with the knee in 45°f lexion and is useful for evaluation of joint space narrowing [18] . The Merchant view is taken with the knee in 45°f lexion with the X-ray beam angled caudad 30° [19••] . Because the patella is normally engaged within the trochlea between 15°and 20°flexion, this axial view can show only significant malalignment.
Each radiographic view has specific indices that can be measured in order to provide a diagnosis. Rough alignment can be assessed on the AP view, but for true alignment fulllength weight-bearing AP films must be obtained. Concominant disease such as arthritis, tumors, oteochondritis dissecans, and loose bodies can be apparent on the initial radiographs. Additional information on the presence of arthrosis may be obtained, including patellofemoral joint space narrowing, osteophyte formation, and subchondral cyst formation.
Patella alta or baja can be evaluated by a variety of methods of the lateral x-ray. The more common methods are the Insall-Salvati ratio and the Blackburne-Peel index. The Insall-Salvati ratio [20] compares the length of the patellar tendon with the patellar height. A normal ratio is 0.8-1.2 with patella alta occurring when the ratio of the length of the tendon to the patellar height is greater than 1.2 (Fig. 1a) . A modified Insall-Salvati ratio can also be calculated to determine patellar height by using the length of the patellar articular surface instead of the entire patella (Fig. 1b) . The Blackburne-Peel index [21••] is calculated on the lateral view with normal values between 0.5 and 1.1. This ratio is the length of the articular surface of the patella divided by the length of the patellar tendon from the lower pole of the patella to a line extending parallel to the tibial plateau (Fig. 1c) . Several studies have evaluated the ease of use of the multiple methods of assessing patellar height. Berg [22] found that the Blackburne-Peel index was the most consistent at reproducing patellar height.
Patellar subluxation and trochlear dysplasia is evaluated on the axial view by measuring the congruence angle and the sulcus angle (Fig. 1d) [19••] . A different axial view, the Laurin view, taken with the knee flexed to 20°, allows better determination of lateral patellar tilt through measurement of the lateral facet angle (α angle) [23] .
If the initial evaluation does not yield a diagnosis or the symptoms do not improve with conservative management, MRI may be indicated. MRI is a valuable tool because it provides 3-dimensional views, does not use ionizing radiation, and evaluates the bone as well as the soft tissues. Pihlajamaki [24] found that MRI was an accurate diagnostic tool for severe cases of chondromalacia patella although the sensitivity for low grade lesions was lower. However, this study used 1.0 Tesla magnets rather than the more detailed MRIs available currently. A more recent systematic review by Harris [25••] found that MRI is a highly sensitive, specific, and accurate modality for detection of patellofemoral chondral defects. Standardized cartilage-sensitive pulse sequences are useful as are proton density sequences that optimize visualization of the articular cartilage on the patella and trochlea [26, 27, 28 ••]. Fat-suppressed and T2 sequences are particularly useful on the axial view to evaluate bone edema.
MRI has largely overtaken computed tomography (CT) for diagnosis of patellofemoral pain. The exception is for assessment of bony malalignment including femoral rotation, tibial rotation, and trochlear dysplasia. The tibial tuberosity -trochlear groove (TT-TG) distance [29] was formerly described as a CT measurement [30] but recent studies have validated the use of this measurement technique on MRI [31] . A TT-TG measurement is useful to evaluate patellar instability and is abnormal in 56 % to 93 % of patients with patellar instability [32] . A higher than normal TT TG is associated with a lateralized tibial tubercle and indicative of patellar instability that may respond to distal realignment procedures.
Nonoperative treatment
Conservative management is the mainstay of treatment for patellofemoral pain. Even patients with significant malalignment or other pathology often respond to conservative treatment. Rest, activity modification, and ice are essential components of the initial treatment. Anti-inflammatory medication is often helpful at the beginning for a few weeks to decrease inflammation, pain, and improve the patient's ability to comply with physical therapy. Other simple interventions, such as off the shelf orthotics for pes planus, can be extremely helpful in the appropriate patients. McConnell [33] advocated a patellar taping technique to control subluxation and patellar tilt in an effort to reduce anterior knee pain. This technique is learned such that patients can apply the tape themselves. This and a variety of other taping techniques can be beneficial. Lan [34] reported a prospective cohort study on the effectiveness of taping for patellofemoral pain syndrome. Mean pain scores were significantly decreased after taping. Lan [34] concluded that taping was an effective treatment for patellofemoral pain but it was less effective in patients with a higher body mass index, larger degree of lateral tilt, and smaller Q-angle. If the response is positive from patellar taping, it may also be positive with a lateral buttress knee brace. Sleeve braces have been shown to help with patella tracking while wrap-style braces reduce peak patellofemoral pressure by changing the location of contact and pressure [35] . However, a recent randomized trial evaluating the use of bracing for patellofemoral pain associated with arthritis found no clinical benefit for bracing [36] .
Physical therapy and strengthening are essential components of the non-operative management. Crossley [37•] performed a randomized trial evaluating physical therapy for the treatment of patellofemoral pain and noted that a short course of physical therapy was an effective treatment for patellofemoral pain. Specific exercises aimed at the knee such as quadriceps strengthening, quadriceps, and hamstring flexibility, lateral retinacular manual stretching in the case of patellar tilt, or tight lateral retinacula are all appropriate.
Recently, more information has emerged regarding optimizing the function of the entire lower extremity in the management of patellofemoral pain. Witvrouw [38] prospectively evaluated adolescent athletes and noted that 7 % to 10 % developed anterior knee pain. Factors that predisposed to patellofemoral pain were a shortened quadriceps muscle, an altered vastus medialis obliquus reflex response Normal is around 140°; dysplasia is indicated when the angle is larger. The congruence angle is measured between the bisector of the sulcus angle and the lowest point on the articular edge of the patella (e-> a-> d). The mean congruence angle is -6°. Medial is (-) and lateral is (+); lateral subluxation has a + angle time, a decreased explosive strength, and a hypermobile patella. Van Tiggelen [39] also reported that delayed onset of electromyographic activity of the vastus medialis obliquus to vastus lateralis is a contributing factor for the development of patellofemoral pain.
Hip stability and hip strengthening are important parts of the physical therapy program. The hip extensors contribute 25 % of energy absorption during landing [40] and if the hip musculature is not strong enough to absorb the appropriate load, that load is transmitted to other joints of the lower extremity, particularly the knee. Fukuda [41] evaluated patients with patellofemoral pain who underwent a rehabilitation program focusing on knee strengthening exercises with or without hip strengthening exercises and noted that both groups had improvements in pain and function but those that received hip strengthening had significantly improved outcomes for pain relief while descending stairs. Earl [42••] found that an 8-week rehabilitation program with emphasis on strengthening and neuromuscular control of the hip and core musculature reduces the knee abduction moment, improves core and hip strength, and results in improvements in pain and functional ability.
Localized medication therapy to the knee is also an option. Corticosteroid injections are reserved for patients who have significant inflammation that has not responded well to oral anti-inflammatories, ice, and rest. Radiologic evidence of chondromalacia patella in patients who have not responded well to oral medications or a thorough physical therapy program may be an indication for hyaluronic acid injections. Although few studies exist on the efficacy of hyaluronic acid injections in the treatment of patellofemoral pain or arthritis, some data suggests that it can be useful in improving pain scores [43] . Topical non-steroidal antiinflammatory medications such as gels or patches have been effective in some patients and offers potential relief to patients who cannot tolerate oral NSAIDS.
Nonoperative management should be pursued for at least 3 months until both clinician and patient feel that pain and function have reached a plateau. Although surgery is rarely utilized for treatment of patellofemoral pain, it should be considered in a compliant patient who has not responded well to rehabilitation.
Operative treatment
When conservative management fails to improve the patellofemoral pain, a few surgical options exist. The mainstays of surgical treatment are distal realignment or unloading procedures that offload the patellofemoral articulation by moving the tibial tubercle. Fulkerson [44] reported that 2 % of patients with patellofemoral pain require a tibial tubercle transfer. The first osteotomy described for patellofemoral pain associated with malalignment was the Elmslie-Trillat procedure [45] which involved a medial capsular reefing, lateral retinacular release, and a medial displacement of the tibial tubercle. This procedure is indicated mostly for patients with primarily lateral patellar subluxation or dislocation and without any significant patellofemoral articular damage as it moves the tibial tubercle directly medial without offloading the articular surface. There are several studies evaluating the outcomes of patients following the ElmslieTrillat procedure with reports of recurrent instability around 9 % and improved functional outcomes [46] .
Fulkerson [47••] modified the Elmslie-Trillat medialization procedure by adding a component of anteriorization to decrease the contact stresses of the patellofemoral articulation. The main indications for this procedure are persistent patellofemoral pain with associated chondromalacia patella. The most common articular cartilage abnormalities are found on the distal medial or central lateral patellar facets. This procedure allows anteriorization of the tubercle up to 15 mm, which decreases the lateral facet contact pressure. A lateral release can be added if lateral patellar tilt is present. Elevation of 12.5 mm decreases patellofemoral contact forces by 60 % to 80 % [48] . The anterior displacement offloads the distal and lateral facets while improving the extensor mechanism vector by medializing the tubercle. It is essential that the proximal medial patella articular cartilage is preserved as the load is transferred to this aspect of the patella. Outcomes following this anteromedialization of the tibial tubercle for patients with patellar malalignment and articular degeneration are generally good with 93 % good and excellent subjective outcomes and 89 % good and excellent objective outcomes [47••] . Complications of this procedure exist and include prominent hardware, tibial tubercle fracture, proximal tibia fracture, compartment syndrome, and vascular injury.
The Maquet procedure [49] is a straight anteriorization of the tibial tubercle designed to decrease the patellofemoral contact forces in patients with significant arthrosis of the patellofemoral compartments. This is of historic interest as this has no effect on the extensor mechanism alignment and also has a high rate of wound complications. Currently, the procedure of choice to offload the patellofemoral compartment is the Fulkerson osteotomy.
Lateral retinacular release alone is a controversial surgical option. An in vitro study by Ostermeier [50] showed that patellofemoral contact pressure did not change significantly with a lateral release except on the lateral facet in flexion and that it did not stabilize the patella through knee range of motion. Vaatainen [51] in a prospective study found that isolated lateral release for anterior knee pain reduced lateral patellar tilt but did not improve the functional capacity of patients at 4 years. Thus, lateral release may be indicated in patients with lateral tilt and anterior knee pain, but it should be used cautiously because it may actually worsen symptoms in the absence of lateral tilt. A lateral release has been shown to benefit less than 25 % of patients with significant patellofemoral arthrosis at long term follow up [52] .
Patellofemoral arthroplasty may be considered with evidence of severe chondromalacia patella and absence of arthrosis involving the other knee compartments. Isolated patellofemoral arthrosis occurs in 9 % of symptomatic individuals over age 40 [53] . Dy [54] performed a meta-analysis of patellofemoral arthroplasty vs total knee arthroplasty in the setting of isolated patellofemoral osteoarthritis and found that the results were equivalent between second generation patellofemoral implants used today and total knee arthroplasties.
Conclusion
Patellofemoral pain is a common clinical problem that most orthopedic surgeons will face. It can be a challenging complaint because it often involves a variety of diagnoses that result in anterior knee pain. A thorough history and physical examination focusing on the alignment and strength of the lower extremity as well as specific maneuvers to assess patella mobility and tracking are essential to diagnosis. Radiographs as well as advanced imaging including MRI can evaluate the alignment as well as articular cartilage of the patellofemoral joint. Patellofemoral pain can be well treated with oral antiinflammatory medication, activity modification, physical therapy focused on strengthening and flexibility, and, if indicated, intra-articular injections. When conservative management fails, surgical treatment in the form of distal realignment and unloading procedures are effective.
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